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investigating brain function in human infants and young children, 
for whom other neuroimaging techniques are not suitable (Hoshi, 
2003; Obrig and Villringer, 2003).
Near-infrared spectroscopy enables reliable measurements of 
localized hemodynamic response in infants as well as adults (Pena 
et al., 2003). In particular, several studies have measured hemody-
namic responses in the occipital region in infants upon exposure 
to visual stimuli (see Minagawa-Kawai et al., 2008 for review). The 
primary advantage of using NIRS to assess brain activity in infants is 
that the technique can be performed under fewer body constraints 
than can other imaging modalities. In contrast, functional mag-
netic resonance imaging (fMRI) and electrophysiologic recording 
require that the subject maintain an unusual body posture, such 
as the sphinx position in monkeys or the supine position while 
performing cognitive tasks in humans, and head movement must 
be severely restricted. Moreover, fMRI emits a loud noise that is 
not only uncomfortable but may interfere with interpretation of 
the results. In this respect, the conditions for performing NIRS 
measurements are much more comfortable for human as well as 
nonhuman subjects. Therefore, despite the decreased temporal- 
and spatial-resolution and depth of the recording compared to 
fMRI and electrophysiologic recordings, respectively, NIRS is useful 
for studying brain activity under more ‘natural’ conditions. In the 
present study, we used NIRS to study brain activity in the macaque 
monkey (Macaca mulatta) without restricting head movement. 
There are two previous reports of NIRS studies in macaque mon-
keys, in which head movement was restricted by surgical fixation 
and the recordings were made with single- or few-channel NIRS 
IntroductIon
The visual system of primates is remarkably efficient for   analyzing 
information  about  objects  present  in  complex  natural  scenes. 
Investigations with macaque monkeys have demonstrated that 
these animals can efficiently categorize targets such as animals 
(see Grand et al., 2008 for review). In some of those studies, for 
instance, monkeys responded rapidly by touching a screen when a 
target object was present in an image. However the cognitive role 
of the salient features of the attractive stimuli is understood only 
poorly. According to previous literature about humans (Masataka, 
2003), one could broadly hypothesize two possibilities regarding 
such salient features, that is, attention-getting properties and affec-
tive salience. The attentional responsiveness of the monkeys might 
be enhanced by the stimuli and/or the monkeys might respond to 
the stimuli positively from an affective standpoint. The present 
experiment was undertaken in order to investigate whether both 
or either of these possibilities could be confirmed by measuring the 
neuronal activity of a macaque monkey while it was being exposed 
to videos of animals performing acrobatic activities. For the meas-
urement, we used near-infrared spectroscopy (NIRS).
Near-infrared spectroscopy can be used to monitor brain activity 
by identifying changes in the concentrations of oxygenated (oxy-) 
and deoxygenated (deoxy-) hemoglobin (Hb) and by measuring 
the changes in the concentrations under diffuse transmittance of 
NIRS light at an appropriate combination of wavelengths. Multi-
channel continuous wave NIRS monitors have been used exten-
sively for functional neuroimaging over the past decade (Koizumi 
et al., 2003), in part because they are considered powerful tools for 
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(Fuster et al., 2005; Radhakrishnan et al., 2009). Here, we used a 
multi-channel NIRS so that responses from a wider region of the 
cortical surface could be recorded simultaneously.
Cortical activity of the occipital region was recorded first because 
several studies in which NIRS measurements were used report 
event-related activation in the occipital region of human infants in 
response to visual stimulation (Taga et al., 2003; Csibra et al., 2004). 
The visual response in the occipital area was robust to any kind of 
stimulus. We examined test–retest reliability of the hemodynamic 
responses in the region because such stability has been becoming 
the tighter demonstration of the phenomenon in humans (Plichta 
et al., 2006). We then attempted to conduct the same measurement 
from the prefrontal cortex to evaluate frontal lobe activity in the 
same animal under the same experimental setting, as has been 
conducted in humans (Schecklmann et al., 2008).
A recent NIRS study in human adults reported activation of the 
prefrontal cortical region upon exposure to the visual presenta-
tion of socially relevant movie stimuli (Leon-Carrion et al., 2007). 
Prefrontal activity in infants viewing affective visual stimuli has also 
been reported (Watanabe et al. 2008). The findings of these studies 
suggest that regional differences in prefrontal activity are likely due 
to both the affective salience of the stimuli and the attentional effort 
of the participants. Therefore, we reasoned that significant hemo-
dynamic changes might be observed around this cortical area in 
the macaque upon visual presentation of stimuli if the stimuli were 
sufficient to hold the attention of the animal. Based on preliminary 
trials showing that the attention of a macaque was effectively evoked 
by a movie of various circus animals performing acrobatic activities, 
we elected to use this stimulus in the present study.
MaterIals and Methods
subject
One adult male rhesus monkey (M. mulatta) weighing 6 kg served 
as the subject. This monkey had participated in several visual stud-
ies and was therefore highly familiar with the experimental set-
tings. Daily food and water consumption was not restricted for 
the experiment.
All animal care and experimental protocols are consistent with 
the Guide for the Care and Use of Laboratory Primates and were 
approved by the Institutional Animal Care and Use Committee 
of Primate Research Institute, Kyoto University. Nonhuman pri-
mates are an important experimental model in the investigation 
of the neural mechanism underlying visual cognition. The brain 
regions corresponding to the cognition are very similar to those 
of humans. Macaque monkeys are not endangered, and are in 
common use in many laboratories studying visual cognition, 
which allows the efficient comparison of related experiments. 
We have undertaken the present experiment with a monkey, hav-
ing minimized the restriction of its body movement without any 
surgical operation. We took great care that the animal was com-
fortable and remained in good health. The animal was maintained 
under a controlled photo-period (12L:12D, lights on 0700 hours 
and lights off on 1900 hours) and was fed a single daily meal at 
1000 hours that consisted of pellet food and supplemented with 
a variety of vegetables and fruits. The temperature in the animal 
room with provision for continuous change of fresh air ranged 
from 22 to 25°C.
behavIoral control
The experiment was performed in a quiet, darkened room to mini-
mize distraction. Each trial consisted of a 10-s stimulation period 
followed by a dark 20-s rest period. Ten trials were conducted 
during each recording session. During the stimulation period, we 
presented a high-contrast colorful movie of animal circuses (Le 
24ème Festival International du Cirque du Monte-Carlo and Le 
7ème Festival International du Cirque de Massy), in which the acro-
batic performances of various animals, for example, cats, horses, 
tigers, and elephants, many of whom wore brilliantly colored cos-
tumes, were filmed. It was presented on a 10-inch TV monitor 
placed 40 cm from the monkey’s head. Thus, the stimulus size was 
27 × 20°. Stimuli were clipped from an identical video movie, and 
the monkey was always exposed to different clips. No special task 
was required of the animal. Juice was delivered at the offset of the 
stimulus, however, to keep the monkey sitting calmly in the primate 
chair. Head and eye movements were not controlled.
nIrs procedure
Changes in Hb concentrations were measured using an ETG-4000 
optical topography system (Hitachi Medical Co., Japan) with a 
custom-made NIRS probe comprising seven detectors and eight 
emitters arranged in a 3 × 5 configuration. The inter-optode dis-
tance was 1 cm. On the basis of a theoretical model about near-
infrared light propagation (Okada et al., 1997), we estimated that 
the cortical activity up to 5 mm below the scalp could be detected 
with this distance. Thus, cortical activity from a 2 × 4 cm region 
was measured by a 22-channel array. The NIRS probe was fastened 
to the head using a flexible harness (Figure 1).
Cortical activity was measured from a wide occipital or frontal 
region. The main purpose of the occipital recording was to test 
the reproducibility and stability of the data. To record from this 
region, the bottom edge of the probe holder was aligned to the 
posterior occipital protuberance. The frontal region was recorded to 
evaluate the applicability of the current protocol to future imaging 
studies of frontal cognitive function. To record frontal activity, the 
Figure 1 | The subject monkey with the NirS probe. The NIRS probe was 
fixed to the head by a flexible band for the frontal measurement. The 
inter-optode distance was 1 cm.Frontiers in Behavioral Neuroscience  www.frontiersin.org  June 2010  | Volume 4  | Article 31  |  3
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aged value for stimulus related activity were statistically compared 
for each of the occipital and of the frontal recordings, using a paired 
t-test. On the basis of these statistical results, a t-map was created 
for the occipital recording sessions and the prefrontal recording 
sessions, respectively. Concerning the analyzed data for the occipi-
tal recording, in addition, test–retest stability of signal intensity 
among channels across four recording sessions was evaluated using 
a Kendall tau rank correlation coefficient analysis. Magnetic reso-
nance images of a body-weight matched monkey and a stereotaxic 
atlas were used to estimate the location of the recording channels 
on the cerebral cortical surface.
results
Immediately prior to beginning the occipital recording sessions, 
we observed the monkey making jerking movements with its head 
as had often occurred in the preliminary experiment. Therefore, 
we were concerned about the stability of some the optodes on the 
scalp, except for those that were located around the midline of 
the animal’s head. We continued the NIRS recordings, and such 
movements were no longer observed until the end of the entire 
experiment. The results of the occipital recordings during four 
individual sessions, and an averaged image and a t-map are shown 
in Figures 2, 3 and 5. An analysis of test–retest reliability revealed 
that the rank order of signal intensities among channels was consist-
ent across recording sessions (total Hb, X2 (21) = 49.30, W = .59, 
p < 0.01; oxy-Hb, X2 (21) = 38.44, W = 0.46, p < 0.05; deoxy-Hb, 
X2 (21) = 45.93, W = 0.55, p < 0.01). Based on the surface struc-
ture, the recording site was estimated to correspond to area 17. An 
increased total Hb concentration induced by the visual stimula-
tion was detected only from the upper channels (channels 1, 5, 7, 
and 11).
The results of the frontal recordings from individual channels 
are presented in Figures 4 and 6. We estimated that the anterior and 
posterior portions of the recorded area corresponded to areas 9 and 
8b, respectively. Data obtained from the lateral channels (channels 
1, 5, 14, and 19 on the left, and channels 4, 9, 18, and 22 on the 
right hemisphere) were excluded, because data from these channels 
would be affected by movements of the lateral muscle. In contrast 
to the occipital region, there was a general increase in the oxy-Hb 
signal in the anterior channels and a decrease in the oxy-Hb signal 
in the posterior channels. Changes in the total Hb concentration 
were almost symmetrical between hemispheres, except in a pair of 
anterior rows (channel 2 vs. 3). In summary, excitatory activation 
was induced in area 9 whereas activity was suppressed in area 8B 
when the monkey was watching the movies.
dIscussIon
Although a left-sided shift was caused by the head movement of a 
macaque monkey as noted above, the NIRS recordings of the corti-
cal activity in the occipital region in response to visual stimulation 
in the monkey with minimal constraint were robust and stable. 
These results are consistent with those of the previous NIRS stud-
ies in humans, which reported that cortical activation is typically 
indicated as a gradual increase in the oxy-Hb signal accompanied 
by a symmetrical or little change in the deoxy-Hb signal (Hirth 
et al., 1996; Hoshi and Tamura, 1997; Obrig et al., 2002). Similar 
trends were also observed in the parietal and prefrontal regions 
  anterior edge of the probe holder was set at the posterior end of the 
supraorbital ridge. During the measurements, the animal’s face was 
monitored using an external video camera. The video recording was 
synchronized with the measurements and the footage was used to 
select individual tasks suitable for subsequent analysis.
The NIRS probe is conventionally secured to the head with an 
elastic net tubing in both macaques and human infants. To record 
occipital activity, however, the probe had to be attached almost 
vertically onto the back of the head, which could not be achieved 
with the net tubing because each time the monkey moved its head, 
the probe holder fell off the head. We therefore devised a flexible 
harness that swaddled the head like a muzzle. Using this harness, 
the position of the probe could be fairly well stabilized. Although 
all the optodes could not be fitted to the scalp using this method, 
the animal appeared comfortable and the band was well tolerated. 
Data from the fitted optodes were reliably integrated over multiple 
trials with improved signal intensity.
To determine the recording parameters, both the duration of 
the stimulation (5, 10, and 20 s) and inter-stimulus interval (ISI; 
10, 20, 30 s) were varied in the preliminary experiment. With a 5-s 
stimulation, the signal continued to increase even after the stimu-
lus was terminated. Both the 10- and 20-s stimulations, however, 
resulted in signal changes that reached the peak level during the 
stimulation period. The 10-s stimulus duration was selected for the 
subsequent experiments. It is crucial to keep the animal calm during 
the ISI. Due to a slow change in the hemodynamic response, body 
movement at any period during the 10-s ISI influenced the baseline 
calculation. A 30-s ISI was also ineffective because the monkey 
became restless. Therefore, a 20-s stimulus ISI was selected.
nIrs data analysIs
Based on information from the video footage taken of the monkey 
during the measurements, data obtained during periods when the 
animal failed to watch the stimuli during the stimulation period 
were excluded from the analysis. Consequently, all data from six 
of 10 occipital recording sessions were not analyzed. In addition, 
of the remaining four sessions, data from third, fifth, seventh, and 
fourth trials, respectively, were excluded from further analysis. For 
the frontal recordings, data from eight trials from a single session 
were analyzed. The exclusion was undertaken solely due to such 
technical reasons. After removing unsuitable trials from each ses-
sion, a baseline correction of the continuously sampled data was 
performed to obtain a clearer image of the entire measurement. 
Oscillating noise, caused by heartbeat and blood flow was removed 
by applying a low pass filter (0.5 Hz). As a final step, the mean of 
all suitable trials was calculated for each session and, then, the 
computed score was averaged across session.
For analyses of averaged brain activation, moreover, waveforms 
recorded from each individual channel were averaged across all of 
the suitable 19 trials in occipital recordings and all of the 8 trials in 
frontal recordings, respectively. ‘Baseline activity’ was designated 
as signal values obtained during a 5-s period immediately prior to 
the stimulus onset in which 50 time points were included since the 
brain activity was recorded at a sampling rate of 10 Hz. “Stimulus 
related activity” was designated as signal values obtained during a 
10-s stimulation period in which 100 time points were included. 
Then, the overall averaged value for baseline activity and the aver-Frontiers in Behavioral Neuroscience  www.frontiersin.org  June 2010  | Volume 4  | Article 31  |  4
Wakita et al.  NIRS study with a monkey
Like area 9, area 8b (also called the dorsal oculomotor area) 
(Preuss  et  al.,  1996),  which  is  located  anterior  to  the  sup-
plementary eye field, projects to the supplementary eye field 
(Wang et al., 2005). Nonetheless, there are reciprocal connec-
tions between area 8b and parts of the occipital, parietal, and 
inferotemporal cortex, while area 9 does not project to any of 
these posterior cortical regions (Petrides and Pandya, 1984, 1999, 
2006; Cavada and Goldman-Rakic, 1989; Andersen et al., 1990). 
Thus, area 8b interacts directly with cortical regions that regulate 
attention to sensory events occurring in external space and, as 
indicated by the anatomic connectivity, shows robust activation 
during oculomotor tasks regardless of the presence of a visual 
target (Mitz and Godschalk, 1989; Schlag et al., 1992). In addi-
tion, eye and ear movements are elicited by microstimulation of 
this region in macaques, suggesting possible involvement of the 
region in the spontaneous control of such movements (Bon and 
in a previous monkey study (Fuster et al., 2005). The total Hb 
concentration increased significantly only in the dorsal regions, 
which may be due to the fact that only optodes at the midline were 
appropriately fitted to the scalp and that the occipital protuberance 
made signals from bottom channels unsuitable. Moreover, in the 
present study, the hemodynamic responses in the anterior chan-
nels (area 9) were increased and those in the posterior channels 
(area 8b) were decreased within the frontal region during the same 
multi-channel NIRS measurements. Such simultaneous recording 
of the negative going signals as the inhibitory responses to the 
stimulus protocol with the positive going signals is consistent with 
the findings reported in a recent fMRI study with macaque monkeys 
(Vincent et al., 2007). Taken together, the present results indicate 
the feasibility of using NIRS to obtain hemodynamic measurements 
in awake macaque monkeys without surgical fixation of the head 
as long as the probe can be stabilized to the scalp.
Figure 2 | The results of hemodynamic changes for 22 occipital cortical 
channels (Ch) in four individual sessions. Results from each recording session 
were means of third trials (A), fifth trials (B), seventh trials (C), and fourth trials 
(D). Channels with relatively small numbers were a located in more anterior 
portions of the recorded area. Changes in oxy-Hb are plotted in red, deoxy-Hb in 
blue, and total-Hb in green. Shades indicate a 10-s stimulation period. Units of 
hemodynamic change are given as mmol-mm. Gray color of the background in 
Ch 15 in (A) and (D) indicates the recording of overall background noise there in 
the sessions. It hindered the reliable averaging of the time course of 
hemodynamic changes. Thus these data were excluded from further analyses.Frontiers in Behavioral Neuroscience  www.frontiersin.org  June 2010  | Volume 4  | Article 31  |  5
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Figure 4 | The results of hemodynamic changes observed for 22 frontal 
cortical channels (Ch). Averaged hemodynamic changes (±SE) for oxy-Hb 
(A), deoxy-Hb (B), and total-Hb (C). Hemodynamic changes were averaged 
over eight trials. Channels with relatively small numbers were located in more 
anterior portions of the recorded area. Shades indicate a 10-s stimulation 
period. Units of hemodynamic change are given as mmol-mm.
Figure 3 | The results of overall hemodynamic changes observed for 22 
occipital cortical channels (Ch). Averaged hemodynamic changes (±SE) for 
oxy-Hb (A), deoxy-Hb (B), and total-Hb (C). Channels with relatively small numbers 
were a located in more anterior portions of the recorded area. Shades indicate a 
10-s stimulation period. Units of hemodynamic change are given as mmol-mm.Frontiers in Behavioral Neuroscience  www.frontiersin.org  June 2010  | Volume 4  | Article 31  |  6
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Area 9, on the other hand, is not involved in regulating attention 
to events occurring in external space (Petrides and Pandya, 2007). 
The region does, however, have a mutual projection with superior 
temporal auditory and multisensory processing areas (Petrides and 
Pandya, 1988, 2007). Moreover, area 9 interacts with structures that 
are involved in emotion and motivation processing, such as the cau-
dal orbitofrontal cortex, amygdala, and cingulate cortex. Therefore, 
area 9 provides a neural basis for interpretation of the intention and 
emotional state of others in monkeys as well as in humans (Damasio 
et al., 2000). The observed increase in the oxy-Hb signal in area 9 is 
considered to reflect affective responsiveness to the stimulus video. 
The findings are also consistent with previous researches with fMRI 
(see Roger et al., 2003 for review).
Because vision is one of the most important senses in macaque 
monkeys as well as in apes and humans, there is extensive litera-
ture on the sophisticated visual recognition and discriminatory 
abilities of these animals based on their performances in cognitive 
tasks (Mace et al., 2005; Masataka et al., 2009). Several studies have 
assessed how individuals perceive their animated environment and, 
in particular, have identified features of the environment that are 
significant to the animal. Since the pioneering studies of Butler 
and colleagues in the 1960s in which videos were used to study 
macaque perception, the use of videos as stimuli is one of the most 
frequently used methods for this purpose (Butler, 1961; Butler and 
Woolpy, 1963). Captive macaques show much stronger interest in 
films of animated objects than in films of inanimate objects, and 
the exploration of the material in the animated environments may, 
Lucchetti, 1994). A suppressive response of some auditory and 
  auditory–motor neurons has also been reported in area 8b when 
an auditory stimulus is presented while the animal maintains 
fixation on a visual stimulus (Lucchetti et al. 2008). A similar 
inhibitory effect is observed in posterior parietal cortical activity 
in response to simultaneous presentation of visual and auditory 
stimuli (Bell et al., 2003). Together, these findings indicate that 
the observed decrease in the oxy-Hb signal in area 8b may reflect 
attentional processes. In the present experiment, there was no 
visual target on which the animal was trained to fixate. Moreover, 
many potential targets (various animals, theater settings, humans) 
appeared simultaneously so that the animal was obliged to attend 
to them strongly but diffusively. These experimental features may 
have induced a suppressive response in area 8b, which would link 
to inhibited attentional response. Of course, it should be noted 
that the linking requires at least two prerequisites. First, NIRS 
like other oxygenation-based techniques is dependent upon the 
tight coupling between changes in cerebral electrical activity and 
local blood oxygenation. While this relationship has been con-
sidered to be linear, recent studies question this linearity (Obrig 
et al., 2002; Sheth et al., 2004). Using NIRS in conjunction with 
electrophysiological methods may allow to really proof linear 
relationship in this experimental design (Fuster et al., 2005). In 
addition, there remains the possibility that decreased activity in 
area 8b may derive from decreased activity of inhibitory-acting 
neurons, thereby leading finally to increased attentional response. 
Apparently these are issues that are to be pursued in the future.
Figure 5 | Channel configuration over the head of the monkey for 22 occipital cortical channels (Ch) and a t-map created on the basis of the statistical 
results of comparisons of oxy-Hb signals prior to the stimulus presentation and the signals during the presentation. 
Figure 6 | Channel configuration over the head of the monkey for 22 frontal cortical channels (Ch) and a t-map created on the basis of the statistical 
results of comparisons of oxy-Hb signals prior to the stimulus presentation and the signals during the presentation.Frontiers in Behavioral Neuroscience  www.frontiersin.org  June 2010  | Volume 4  | Article 31  |  7
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